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ABSTRACT
The prevailing conceptual model for the production of severe local storm (SLS) environments over North
America asserts that upstream elevated terrain and the Gulf of Mexico are both essential to their formation.
This work tests this hypothesis using two prescribed-ocean climate model experiments with North Ameri-
can topography removed and the Gulf of Mexico converted to land and analyzes how SLS environments and
associated synoptic-scale drivers (southerly Great Plains low-level jets, drylines, elevated mixed layers, and
extratropical cyclones) change relative to a control historical run. Overall, SLS environments depend strongly
on upstream elevated terrain but only weakly on the Gulf of Mexico. First, removing elevated terrain substan-
tially reduces (though does not eliminate) SLS environments, particularly over the Great Plains. Seasonal and
diurnal cycle amplitudes are reduced and become more zonally uniform. This response is associated with a
strong reduction in synoptic-scale drivers and a cooler and drier mean-state atmosphere. Second, replacing
the Gulf of Mexico with land modestly reduces SLS environments over the Great Plains but increases them
over the eastern U.S., resulting in a southeastward shift of the local maximum. Seasonal and diurnal cycle am-
plitudes remain relatively constant. This response is associated with modest changes in synoptic-scale drivers
and a warmer and drier lower-tropospheric mean state. Characteristic synoptic patterns are somewhat sensi-
tive to elevated terrain but not the Gulf of Mexico. This work provides insight into the key role of elevated
terrain in producing SLS environments over the continental interior though not necessarily near the coast.
1. Introduction
Eastern North America is perhaps the most prominent
hot-spot globally for severe local storm (SLS) events,
including severe thunderstorms accompanied by damag-
ing winds, large hailstones, and/or tornadoes (Ludlam
1963; Johns and Doswell III 1992). Though SLS events
are small scale, they develop principally within favorable
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larger-scale environments (SLS environments). These en-
vironments are commonly defined using high values of
proxies that combine key thermodynamic and kinematic
ingredients, particularly: 1) the product of convective
available potential energy (CAPE) and 0–6-km bulk ver-
tical wind shear (S06), and 2) the energy helicity index
(EHI03) that is proportional to the product of CAPE and
0–3-km storm relative helicity (SRH03) (Rasmussen and
Blanchard 1998; Rasmussen 2003; Brooks et al. 2003;
Doswell III and Schultz 2006; Grams et al. 2012). To
trigger deep convection, air parcels must first overcome
a stable layer defined by high convective inhibition (CIN),
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which suppresses upward motion and hence allows CAPE
to build up until convection is initiated (Colby Jr 1984;
Williams and Renno 1993; Agard and Emanuel 2017;
Chen et al. 2020). SLS environments over North Amer-
ica are generally confined to the eastern half of the U.S.,
especially the Great Plains (Brooks et al. 2003; Gensini
and Ashley 2011; Li et al. 2020), though recent studies
have indicated a tendency of eastward shift of these en-
vironments in past decades (Gensini and Brooks 2018;
Tang et al. 2019). Climatological variability in SLS en-
vironments, including strong seasonal and diurnal cycles,
generally perform well in capturing statistical variability
in SLS activity itself in the U.S. (Gensini and Ashley
2011; Agee et al. 2016; Gensini and Brooks 2018; Tang
et al. 2019). Thus, improving our understanding of what
generates SLS environments in the first place can help
us better understand SLS activity on climate time-scales.
Moreover, the larger-scale nature of these environments
allows for the use of common reanalysis data (Brooks
et al. 2003; Gensini and Ashley 2011; Allen and Karoly
2014; Gensini et al. 2014; Tippett et al. 2016; Gensini and
Brooks 2018; Taszarek et al. 2018; Tang et al. 2019) and
global climate models (Diffenbaugh et al. 2013; Tippett
et al. 2015; Li et al. 2020), which can resolve SLS envi-
ronments though not actual SLS events. Indeed, recent re-
search has found an increasing trend of SLS environments
under future warming scenarios based on global climate
model experiments (Trapp et al. 2007, 2009; Diffenbaugh
et al. 2013; Hoogewind et al. 2017) and dynamical down-
scaling of these experiments (Trapp et al. 2011; Robin-
son et al. 2013; Gensini and Mote 2014, 2015; Hoogewind
et al. 2017), though large uncertainties exist across mod-
els (Diffenbaugh et al. 2013; Seeley and Romps 2015).
To date, though, these approaches have yet to be applied
to test how SLS environments are generated over North
America in the present climate state in the first place,
which may limit our ability to predict how SLS activity
may change due to climate change.
The prevailing conceptual model for the generation of
SLS environments over the eastern U.S. was proposed by
Carlson et al. (1983) (Figure 1). This model identifies el-
evated terrain to the west and the Gulf of Mexico to the
south as the key geographic features essential to produc-
ing these environments. First, the Gulf of Mexico provides
a source of warm and moist low-level air. Second, surface
heating of the Colorado and Mexican plateaus upstream
generates dry adiabatic layers aloft characterized by steep
lapse rates. SLS environments then arise downstream of
the elevated terrain due to the superposition of these two
layers. In reality, this superposition is typically medi-
ated by synoptic-scale features including southerly Great
Plains low-level jets (GPLLJs), drylines, elevated mixed
layers (EMLs), and extratropical cyclones. Specifically,
southerly GPLLJs enhance the inland transport of warm
and moist low-level air from the Gulf of Mexico, espe-
cially during the nighttime in spring and summer (Bonner
1968; Helfand and Schubert 1995; Whiteman et al. 1997;
Higgins et al. 1997; Weaver et al. 2012). Meanwhile, the
westerly jet stream advects the well-mixed air aloft down-
stream of the elevated terrain to form meridionally ori-
ented drylines over the Great Plains when the dry air en-
counters the moist near-surface air from the Gulf of Mex-
ico (Fujita 1958; Schaefer 1974; Ziegler and Hane 1993;
Hoch and Markowski 2005). The canonical synoptic flow
patterns associated with severe weather outbreaks over the
Great Plains also highlights the roles of a southwesterly jet
aloft and the southerly low-level jet extending inland from
the Gulf of Mexico downstream of the elevated terrain
(Barnes and Newton 1986; Johns and Doswell III 1992;
Johns 1993; Mercer et al. 2012; Li et al. 2020). Farther
east, advection of the well-mixed layer from the elevated
terrain serves as an elevated mixed layer (EML) over the
moist low-level air that commonly forms strong capping
inversions and creates CIN that inhibits convective ini-
tiation for boundary layer parcels (Carlson et al. 1983;
Lanicci and Warner 1991a; Banacos and Ekster 2010).
This can allow for a strong buildup of CAPE during the
daytime heating (Carlson et al. 1983; Farrell and Carlson
1989; Lanicci and Warner 1991b,c; Cordeira et al. 2017;
Ribeiro and Bosart 2018). Moreover, the above model im-
plicitly assumes differential advection of two layers and
thus is associated with vertical wind shear. These CAPE-
and shear-producing processes are often strongly ampli-
fied locally in the presence of a surface extratropical cy-
clone (Doswell III and Bosart 2001; Hamill et al. 2005;
Tochimoto and Niino 2015), whose formation is favored
downstream of the Rocky Mountains (Held et al. 2002;
Brayshaw et al. 2009). In combination, the result is the
production of SLS environments characterized by high
values of CAPE and shear.
Previous studies partially tested this conceptual model
using numerical model experiments but with particular fo-
cuses on the role of elevated terrain (Benjamin and Carl-
son 1986; Benjamin 1986; Arritt et al. 1992; Rasmussen
and Houze Jr 2016). Benjamin and Carlson (1986) tested
the key role of elevated terrain for two historical SLS out-
breaks over the Great Plains in a regional mesoscale mod-
eling framework. Benjamin (1986) and Arritt et al. (1992)
farther examined effects of elevated terrain on the pro-
duction of strong capping inversions downstream based
on two-dimentional idealized experiments. Rasmussen
and Houze Jr (2016) found a strong orographic control
on convective initiation downstream of the Andes over
South America via high-resolution simulations of a con-
vective system from the Weather Research and Forecast-
ing Model, and indicated a conceptual model for the pro-
duction of SLS environments in subtropical South Amer-
ica that is similar to the U.S. Great Plains. Addition-
ally, various numerical model experiments with terrain
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modifications have shown substantial impacts of orogra-
phy on larger-scale atmospheric flows including low-level
jets (Pan et al. 2004; Ting and Wang 2006) and stationary
waves or storm tracks (Broccoli and Manabe 1992; Held
et al. 2002; Inatsu et al. 2002; Brayshaw et al. 2009; Chang
2009; Wilson et al. 2009; Sandu et al. 2019). However,
this conceptual model, including both upstream elevated
terrain and the Gulf of Mexico, has yet to be tested using
global climate model experiments.
Thus, this work aims to explicitly test the conceptual
model of Carlson et al. (1983) using a global climate
model (Community Atmosphere Model version 6, CAM6)
by addressing the following questions:
1. Are western U.S. elevated terrain and the Gulf of
Mexico each necessary conditions for producing SLS
environments over North America?
2. What are the responses of SLS-relevant synoptic-
scale features to elevated terrain and the Gulf of Mex-
ico over North America?
3. How are these responses of SLS environments and
synoptic-scale features associated with changes in
the mean-state atmosphere in each experiment?
4. Do synoptic composites of extreme SLS environ-
ments differ from each experiment?
To answer these questions, we perform numerical ex-
periments using the CAM6 global climate model, in which
we eliminate any topography over North America or con-
vert the Gulf of Mexico to land to evaluate the role of each
in producing SLS environments over North America. This
work serves as a direct assessment on the geographic con-
trols of SLS environments to help better understanding the
formation of these environments within the Earth’s climate
system.
These experiments are compared against a control his-
torical simulation presented in (Li et al. 2020, here-
after L20). L20 found that CAM6 can broadly repro-
duce the climatology of SLS environments and associated
synoptic-scale features over North America, as well as
their strong seasonal and diurnal cycles, as compared to
the ERA5 reanalysis dataset. L20 also noted a few key bi-
ases in CAM6, including a high bias in CAPE over the
eastern third of the U.S. associated with the systematic
warm and moist biases that are known to persist across
many regional and global climate models (Klein et al.
2006; Cheruy et al. 2014; Mueller and Seneviratne 2014;
Lin et al. 2017).
Section 2 describes our experimental design and analy-
sis methodology. Section 3 analyzes the responses of SLS
environments, the associated synoptic-scale features, the
mean-state atmosphere, and synoptic composites in each
experiment. Finally, Section 4 summarizes key conclu-
sions and discusses avenues for future work.
Warm moist 
low-level air
Elevated dry m
ixed-layer air
FIG. 1. Schematic diagram of the conceptual model by Carlson et al.
(1983) representing conditions favorable for the formation of severe lo-
cal storm environments over the central U.S. Contour lines indicate ele-
vation (m).
2. Methodology
a. Experimental Design
We use the Community Atmosphere Model version 6
(CAM6) as our experimental laboratory for this study.
CAM6 is the atmospheric component of the Community
Earth System Model version 2.1 (available at http://
www.cesm.ucar.edu/models/cesm2/) developed in
part for participation in the Coupled Model Intercompari-
son Project 6 (CMIP6; Eyring et al. 2016). Compared with
its predecessor CAM5 (Neale et al. 2012), CAM6 contains
substantial modifications to the physical parameterization
suite: schemes for boundary layer turbulence, shallow
convection and cloud macrophysics in CAM5 are replaced
by the Cloud Layers Unified by Binormals (CLUBB; Go-
laz et al. 2002; Bogenschutz et al. 2013) scheme; the im-
proved two-moment prognostic cloud microphysics from
Gettelman and Morrison (2015), which carries prognostic
precipitation species (rain and snow) in addition to cloud
condensates; the deep convection scheme from Zhang and
McFarlane (1995) is modified to increase the sensitivity to
convective initiation; and the orographic drag parameteri-
zations are also updated in CAM6.
We define as our control simulation (CTRL) an Earth-
like climate state over the period 1979–2014, follow-
ing the Atmospheric Model Intercomparison protocols
(AMIP; Gates et al. 1999). This CTRL run is exactly the
same simulation we performed and evaluated in L20, in
which our analysis has indicated that this CAM6 CTRL
broadly reproduces the climatology of SLS environments
and the associated synoptic-scale features over North
America; this similar set-up was also examined in pre-
vious work with CAM5 (Wehner et al. 2014; Varuolo-
Clarke et al. 2019). CAM6 is configured with the default
finite volume dynamical core on a 0.9◦×1.25◦ latitude-
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R1
R2
R3
R4
R5
R6
CTRL noTOPO noGOM
(a) (b) (c)
GOM
FIG. 2. Elevation (m; contour lines) and land mask (filled gray) for (a) CTRL, (b) noTOPO, and (c) noGOM. R1–R6 denote the six 5◦×5◦
sub-region boxes selected for regional analysis. GOM box approximates to the Gulf of Mexico. Land area within the red box defines the eastern
half of the U.S.
longitude grid mesh. We discard the first year for spinup
and analyze the 3-hourly output from 1980–2014.
From CTRL, we perform two experiments to investigate
the role of elevated terrain and the Gulf of Mexico in pro-
ducing SLS environments over North America. In the first
experiment, we set North American topography to zero
(i.e., elevation=0 m, Figure 2b) without changing land
cover type (denoted as “noTOPO” experiment). Thus, no-
TOPO removes both the elevated terrain to the west and
the Appalachian Mountains to the east. Future work could
examine the effect of removing the Appalachian Moun-
tains alone on the production of SLS environments. In the
second experiment, we convert the Gulf of Mexico to land
by replacing ocean cells in the Gulf of Mexico with land
(Figure 2c). In addition to the modified land mask, we set
the plant functional type (PFT) to C4 grass in the Commu-
nity Land Model version 5 (CLM5; Lawrence et al. 2018)
over this “new land” for simplicity. This set up can be
defined as a low-lying plain covered by grass (denoted as
“noGOM” experiment). Ultimately we do not know what
the true land type would be if the Gulf of Mexico were
land, and existing research suggests significant intrinsic
uncertainty given that subtropical land surfaces can have
multiple stable states (Rietkerk et al. 2011; Staver et al.
2011). Future work could test the effects of filling the Gulf
of Mexico with different land types. Note, in all experi-
ments we use CLM5 with satellite phenology.
b. Analysis
As in L20, we perform a climatological analysis of (1)
the annual, seasonal, and diurnal distributions of extreme
SLS environmental proxies and their constituent parame-
ters (defined below), (2) the occurrence frequency distri-
butions of key synoptic-scale features including southerly
Great Plains low level jets (GPLLJs), drylines, elevated
mixed layers (EMLs), and extratropical cyclone activity,
(3) the mean-state atmosphere, and (4) characteristic syn-
optic composites associated with extreme SLS environ-
ments in different geographic regions over the eastern half
of the U.S. Our analyses focus on their responses in no-
TOPO and noGOM each as compared to CTRL. Though
L20 has noted high biases of SLS environments over the
eastern U.S. in CTRL, these biases may not affect their re-
sponses in each experiment relative to CTRL, as these bi-
ases are associated with systematic biases of temperature
and moisture in the CAM6 model and thus may persist in
the experiments.
1) SLS ENVIRONMENTS
We analyze SLS environments defined as the 99th per-
centile of two combined proxies, CAPES06 (Brooks et al.
2003) and EHI03 (Hart and Korotky 1991; Davies-Jones
1993), as well as their constituent parameters. Specifi-
cally, CAPES06 is the product of surface-based convective
available potential energy (CAPE; Doswell III and Ras-
mussen 1994) and 0–6-km bulk vertical wind shear (S06;
Rasmussen and Blanchard 1998; Weisman and Rotunno
2000); EHI03 is a dimensionless quantity proportional to
the product of surface-based CAPE and 0–3-km storm
relative helicity (SRH03; Davies-Jones et al. 1990). We
also analyze convective inhibition (CIN; Colby Jr 1984;
Williams and Renno 1993; Riemann-Campe et al. 2009),
which permits the build up of CAPE. Calculations of these
proxies and parameters use the following equations:
CAPES06 =CAPE ·S06, (1)
EHI03 =
CAPE ·SRH03
160,000 m4 s−4
, (2)
CAPE =
∫ zEL
zLFC
g
Tvp−Tve
Tve
dz, (3)
S06 = |V6km−V10m|, (4)
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TABLE 1. Identifying criteria for the SLS-relevant synoptic-scale features: southerly Great Plains low-level jet (GPLLJ), dryline, elevated mixed
layer (EML), and extratropical cyclone activity including cyclone track and 850-hPa eddy kinetic energy (EKE). The reader is referred to Li et al.
(2020) for detailed explanations.
SY NOPT IC-SCALE FEATURES IDENT IFY ING CRIT ERIA
Southerly GPLLJ (1) Maximum wind speed below 3000 m: Vmax ≥ 10 m s−1
(2) Largest decrease from Vmax to wind at 3000 m: ∆V ≥ 5 m s−1
(3) Direction of Vmax falls between 113◦–247◦
Dryline (1) Horizontal gradient of surface specific humidity: ∇H q≥ 3×10−5 km−1 and ∂q∂x >0
(2) Surface temperature: ∂T∂x <0.02 K km
−1
(3) Surface wind direction on the west side is 170◦–280◦ and on the east side 80◦–190◦
EML (1) A layer with lapse rate ≥ 8.0 K km−1 through a depth of at least 200 hPa
(2) Relative humidity increases from the base to the top of the layer
(3) The base is higher than 1000 m but below 500-hPa level
(4) Average lapse rate between the base and surface ≤8.0 K km−1
Cyclone track (1) Candidate cyclones are minima in SLP with a closed contour 2 hPa greater than the minimum
(2) The closed contour lies within 6 great circle degrees of the minimum
(3) Candidate cyclones are then stitched together in time by searching within an 8-degree great circle
radius at the next time increment for another candidate cyclone to form a cyclone track
(4) A cyclone track must exist for at least 24 hours
850-hPa EKE (1) Determine (u ′, v ′)–zonal and meridional velocity deviation from annually mean velocities
(2) Apply a 2–6-day Butterworth bandpass filter to (u ′, v ′)
(3) EKE = 0.5 (u ′2 + v ′2)
SRH03 =−
∫ zt
zb
kˆ · (V−C)× ∂V
∂ z
dz, (5)
CIN =−
∫ zLFC
zp
g
Tvp−Tve
Tve
dz, (6)
where g = 9.81 m s−2 is the acceleration due to gravity,
zLFC and zEL denote the level of free convection and the
equilibrium level, zp = 2 m indicates the 2-m parcels, Tvp
and Tve are virtual temperature of the 2-m parcel and the
environment as a function of height, V6km and V10m are
horizontal wind vectors at 6 km and 10 m AGL, V is the
horizontal wind vector as a function of height, C is the
storm motion vector following the definition and calcula-
tion from Bunkers et al. (2000), zb = 10 m is the altitude
of the layer bottom, zt = 3 km is the altitude of the layer
top, and kˆ is the vertical unit vector.
To generate climatological distributions of these SLS
environmental proxies and parameters over North Amer-
ica, we first use Eqs.(1)–(6) to calculate each over North
America for the period 1980–2014 (3-hourly interval)
from model outputs. We then calculate their 99th per-
centiles for each grid point based on their time series of the
full-period (climatology) or every calendar month (sea-
sonal cycle) or every 3 hours (diurnal cycle) during 1980–
2014.
We also seek to understand how changes in the con-
stituent parameters (∆CAPE, ∆S06, or ∆SRH03) af-
fect changes in the combined proxies (∆CAPES06 or
∆EHI03). We decompose fractional changes in CAPES06
according to (detailed in Appendix)
∆CAPES06
CAPES06CT RL
=
∆CAPE
CAPECT RL
+
∆S06
S06CT RL
+
∆CAPE
CAPECT RL
· ∆S06
S06CT RL
(7)
where CAPECT RL and S06CT RL are CAPE and S06 associ-
ated with CAPES06 in CTRL (CAPES06CT RL). ∆ denotes
the difference between each experiment and CTRL (i.e.,
noTOPO or noGOM minus CTRL). The term on the left
side of Eq. (7) is the fractional change of CAPES06 in
each experiment relative to CTRL. The first and second
terms on the right side represent the fractional changes
due to changes in the associated CAPE and S06, and the
third term is a second-order residual term that is gener-
ally small. This decomposition method is similar to a sta-
tistical framework developed to isolate the dynamic and
thermodynamic components of cloud changes (Bony et al.
2004) or extreme precipitation (Emori and Brown 2005).
Similarly, the fractional change in EHI03 is given by
∆EHI03
EHI03CT RL
=
∆CAPE
CAPECT RL
+
∆SRH03
SRH03CT RL
+
∆CAPE
CAPECT RL
· ∆SRH03
SRH03CT RL
(8)
where the normalization constant in the denominator of
the EHI03 conveniently drops out.
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2) SLS-RELEVANT SYNOPTIC-SCALE FEATURES
We follow L20 and references therein to identify key
synoptic-scale features associated with the formation of
SLS environments over North America: southerly Great
Plains low-level jets (GPLLJs) (Bonner 1968; Whiteman
et al. 1997; Walters et al. 2008; Doubler et al. 2015), dry-
lines (Hoch and Markowski 2005; Duell and Van Den
Broeke 2016), elevated mixed layers (EMLs) (Banacos
and Ekster 2010; Ribeiro and Bosart 2018), and extratrop-
ical cyclone activity including cyclone track (Ullrich and
Zarzycki 2017; Zarzycki 2018) and the 2–6-day Butter-
worth bandpass filtered eddy kinetic energy (EKE) at 850
hPa (Blackmon 1976; Russell 2006; Ulbrich et al. 2008;
Harvey et al. 2014; Schemm and Schneider 2018). Iden-
tifying criteria for each are summarized in Table 1; the
reader is referred to L20 for detailed explanations. We
analyze the responses of the mean occurrence frequency
of these synoptic-scale features for the annually and each
season during 1980–2014 in noTOPO and noGOM rela-
tive to CTRL.
3) MEAN-STATE ATMOSPHERE
To better understand responses of SLS environments
and the associated synoptic-scale features, we analyze
mean-state responses (both annually and seasonally) rel-
ative to CTRL, to examine the relationship between SLS
responses and differences in the mean state (Trapp et al.
2007; Diffenbaugh et al. 2013; Li et al. 2020). We calcu-
late changes in the mean vertical profiles of temperature
and specific humidity within six 5◦×5◦ regions (R1–R6 in
Figure 2a) for each experiment, as well as within the re-
gion of the Gulf of Mexico (GOM in Figure 2a) for the
noGOM. R1–R6 are identical to those analyzed in L20.
They cover much of the eastern half of the U.S. and are
able to capture the spatial variations of primary SLS envi-
ronments over North America (Ribeiro and Bosart 2018;
Li et al. 2020). Additionally, we analyze the response of
the mean wind field, temperature and specific humidity at
925 hPa, and the mean wind field and geopotential height
at 250 hPa.
4) SYNOPTIC COMPOSITES FOR EXTREME CASES
Finally, we evaluate changes in the composite synoptic
patterns associated with extreme SLS environments within
each sub-region from R1–R6 to examine if these patterns
are sensitive to the existence of elevated terrain and the
Gulf of Mexico. Following L20, we identify an extreme
case in a region when the CAPES06 exceeds its local 99th
percentile (i.e., within the top 1% for a grid point during
1980–2014) in at least 80% of the total grid points within
the region; sample sizes are provided in Table 2. These
cases all occur in spring and summer, mainly during May–
July. We analyze both composite synoptic patterns and
composite patterns of synoptic anomalies at 250 hPa (hori-
zontal wind speed and geopotential height), 700 hPa (tem-
perature and geopotential height), and near surface (2-m
specific humidity and sea level pressure). Composite syn-
optic patterns are generated by averaging variable fields
from the extreme cases. To generate composite patterns of
synoptic anomalies, we first calculate synoptic anomalies
for each case by subtracting the mean state during 1980–
2014 for the month in which the case occurs, and then
average the synoptic anomalies from all cases.
TABLE 2. Number of cases with extreme SLS environments (de-
tailed in the text) selected for generating synoptic composites for each
sub-region (R1–R6 defined in Fig. 2a) in each experiment (CTRL, no-
TOPO, and noGOM).
R1 R2 R3 R4 R5 R6
CT RL 92 32 50 64 62 96
noTOPO 156 40 48 77 89 61
noGOM 83 13 71 68 48 73
3. Results
Our analyses focus on responses of SLS environments
and the associated synoptic-scale features to the removal
of elevated terrain or the Gulf of Mexico (i.e., difference
between noTOPO or noGOM and CTRL). We also ex-
amine differences in the mean state of the atmosphere to
understand relationships between these responses to the
mean state. Finally, we examine composite responses in
the prevailing synoptic flow pattern associated with ex-
treme SLS environments.
a. SLS Environments: Extreme Values
We first analyze responses of extreme values (99th per-
centiles) of SLS environmental proxies and parameters
over North America for the period 1980–2014 in noTOPO
(Figure 3g–l) and noGOM (Figure 3m–r), as compared to
CTRL (Figure 3a–f).
Removing elevated terrain (noTOPO) strongly reduces
extreme CAPES06 (Figure 3g) and EHI03 (Figure 3h)
over much of the eastern half of the U.S. east of the Rocky
Mountains and the Mexican Plateau, with the reduction
extending into south-central and southwest Canada. The
largest decrease occurs near the local maximum in CTRL
over the northern Great Plains and southern Texas for
extreme CAPES06 (decreased from ∼60,000 m3 s−3 in
CTRL to ∼30,000 m3 s−3 in noTOPO) and in the central
Great Plains and the Upper Midwest for extreme EHI03
(decreased from ∼5 in CTRL to ∼1 in noTOPO). The
reduction along the east coast and the southeastern U.S.,
which may be primarily due to the removal of the Ap-
palachian Mountains, are relatively small. Extreme CAPE
(Figure 3j) is broadly reduced (∼ −1000 J kg−1) over
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FIG. 3. (a–f) CTRL 99th percentiles (contour lines + filled contours) of CAPES06, EHI03, CAPE, S06, SRH03, and CIN; (g–l) as in (a–f) but
for noTOPO 99th percentiles (contour lines) and responses (noTOPO minus CTRL; filled contours); (m–r) as in (g–l) but for noGOM. The 99th
percentiles are generated at each grid point from the 3-hourly full-period (1980–2014) cases.
a swath stretching from southwestern Canada across the
Great Plains to the southeastern U.S., consistent with de-
creases in extreme CAPES06 and EHI03, whereas it re-
mains similar to CTRL or is slightly enhanced over the
south-central U.S. Removing elevated terrain causes ex-
treme S06 and SRH03 to become substantially more zon-
ally symmetric, especially over the Great Plains (Figure
3j,k). Specifically, extreme S06 slightly increases (∼ +6
m s−1) along the United States-Canada border east of
the Rocky mountains, while it slightly decreases (∼ −6
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m s−1) over the Mexican Plateau (Figure 3j). Extreme
SRH03 decreases over the eastern half of the U.S. with
strongest reductions (∼ −200 m2 s−2) over the central
Great Plains, while it increases (up to +200 m2 s−2) over
western North America (Figure 3k). Finally, removing el-
evated terrain strongly reduces extreme CIN over the Great
Plains with the peak reduction over the northern Great
Plains (Figure 3l); the response pattern is similar to ex-
treme CAPES06 and EHI03 and broadly consistent with
reductions in extreme CAPE.
In contrast to noTOPO, replacing the Gulf of Mexico
with land (noGOM) does not strongly change the over-
all amplitude of extreme CAPES06 and EHI03 over North
America relative to CTRL, though it does induce changes
in the spatial pattern (Figure 3m,n). The primary lo-
cal maximum shifts southeastward to the Midwest cen-
tered over Illinois. This shift emerges due to the reduc-
tion of SLS environments over the Great Plains (particu-
larly over southern Texas with decreases of ∼ −20,000
m3 s−3 in CAPES06 and −1 in EHI03) and the enhance-
ment (∼+10,000 m3 s−3 in CAPES06 and +1 in EHI03)
over the eastern third of the U.S. Responses of these en-
vironments over the Great Plains are predominantly tied
to changes in extreme CAPE rather than extreme S06 or
SRH03, as extreme CAPE decreases (∼ −600 J kg−1)
over the Great Plains (Figure 3m) whereas extreme S06
and SRH03 change only minimally (Figure 3n,o). Ex-
treme SRH03 is slightly enhanced (∼ +100 m2 s−2) over
the south-central U.S. Finally, extreme CIN is enhanced
over the Gulf of Mexico itself and much of the eastern half
of the U.S. extending inland from the Gulf of Mexico (Fig-
ure 3r). Note that extreme CAPE changes relatively little
in this region, a behavior consistent with drier and warmer
boundary-layer air at fixed moist static energy in this re-
gion (Figure S2e-f), which will increase CIN while keep-
ing CAPE relatively constant (Agard and Emanuel 2017).
b. SLS Environments: Seasonal and Diurnal Variation
We next analyze responses of seasonal and diurnal cy-
cles of these environments, including both the amplitude
and phase (peak month or peak hour) changes. Over-
all, each geographic feature affects their amplitudes and
phases in different ways, though the mere existence of the
seasonal and diurnal cycles does not depend on either fea-
ture (Figures 4–6).
1) AMPLITUDE
Removing elevated terrain substantially reduces the am-
plitudes of both the seasonal and diurnal cycles of ex-
treme CAPES06 and EHI03, as well as extreme CAPE,
over the eastern half of the U.S. (Figure 4g–i) as com-
pared to CTRL (Figure 4a–c). This is primarily due to
the substantial weakening of these environments during
their peak time (summertime between June–August dur-
ing the year and late afternoon between 2100–0000 UTC
during the day). The amplitudes of seasonal and diur-
nal cycles of extreme S06 and SRH03 are not strongly
affected, though extreme S06 slightly increases during
the wintertime (December–February; Figure 4j) while ex-
treme SRH03 slightly decreases throughout the period
(Figure 4k), as compared to CTRL (Figure 4d,e). Finally,
for extreme CIN, which peaks in the summertime (June–
August) and the the evening (0600–1200 UTC) (Figure
4f), there is a weakening of the amplitudes of both cycles
as well, similarly due to the stronger reduction of extreme
CIN during its peak hour/month (Figure 4l).
Replacing the Gulf of Mexico with land does not sig-
nificantly alter the amplitudes of these seasonal and diur-
nal cycles, though extreme S06 and SRH03 slightly in-
crease in spring and summer (April–September; Figure
4m–r). The only exception is extreme CIN, whose am-
plitudes of both seasonal and diurnal cycles are slightly
enhanced due to the increase of extreme CIN in the warm
seasons (March–September) and the early morning (0600–
1200 UTC) (Figure 4r), indicative of the enhanced noctur-
nal cooling, and hence the increased nocturnal inversion,
over the Gulf of Mexico land. Note that the diurnal cycle
of extreme CIN is enhanced whereas the extreme CAPE is
largely unchanged, indicative of how enhanced CIN does
not necessarily translate to increased CAPE.
To better understand the phase shifts response, which
may not be expected to be spatially uniform, we next ex-
amine the spatial pattern of changes in the phase of each
cycle.
2) PHASE SHIFT OF SEASONAL CYCLE
Removing elevated terrain causes extreme CAPES06
and EHI03 to peak in June over the entire southern Great
Plains and southeastern U.S. (Figure 5g,h). This peak
is 1–2 months later than CTRL over the southern Great
Plains (April or May in CTRL) while 1–2 months ear-
lier over the southeastern U.S. (July or August in CTRL;
Figure 5a,b). Hence, elevated terrain appears responsible
for the zonal variability in the seasonality of SLS environ-
ments over the southern and southeastern U.S. in the real
world. Meanwhile, the peak month remains in July over
much of the northern half of the U.S. (Figure 5g,h). In
terms of extreme CAPE, changes in the phase are local-
ized specifically to the southern Great Plains, with a sub-
stantial shift in its peak month from late spring or early
summer (May or June in CTRL; Figure 5c) to late sum-
mer (July or August in noTOPO; Figure 5i); elsewhere
the peak month remains in July (Figure 5i). Hence, the
seasonal peak in CAPE becomes quite zonally-symmetric,
occurring in July over most of North America north of
∼31o N and August to the south. Meanwhile, the peak
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month of extreme S06 is less affected by the removal of el-
evated terrain, as it in general peaks in winter (December–
February; Figure 5j) similar to CTRL (Figure 5d), ex-
cept over the southern Mexico that peaks later in March.
Notably, the zonal asymmetry of S06 persists, highlight-
ing how surface thermodynamic variability (land-ocean
and SST variability) still generate stationary wave patterns
(Kaspi and Schneider 2013). Extreme SRH03 is phase
shifted strongly, from spring (March–May in CTRL; Fig-
ure 5e) to winter (January–February in noTOPO; Figure
5k) over much of the eastern half of North America, espe-
cially over the northern Great Plains and southern Canada
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for (a–f) CTRL, (g–l) noTOPO, and (m–r) noGOM.
east of the Rocky Mountains, implying the enhanced in-
fluence of wintertime jet streams and the weakened influ-
ence of the reduced Great Plains low-level jets in spring in
noTOPO (discussed below in Section 3.d.1). Finally, the
peak month of extreme CIN over the eastern third of the
U.S. shifts from late summer (August in CTRL; Figure 5f)
to early summer (June in noTOPO; Figure 5l), rendering
the seasonal peak in CIN more zonally-symmetric east of
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the Rocky Mountains; this is similar to responses in sea-
sonal peak of extreme CAPES06 and EHI03.
Replacing the Gulf of Mexico with land causes sea-
sonal phase shifts primarily over the southeastern U.S., as
well as over the Gulf of Mexico region itself (Figure 5m–
r). Specifically, extreme CAPES06 and EHI03 peak 2–3
months earlier over the southeastern U.S., shifting to May
(Figure 5m,n) from July or August in CTRL (Figure 5a,b).
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The peak month of extreme CAPE remains broadly simi-
lar to CTRL (Figure 5c,o), though it peaks earlier over the
Gulf of Mexico (May in noGOM; August in CTRL). Simi-
larly, extreme S06 shifts slightly earlier over the southeast-
ern U.S. and the Gulf of Mexico from February (Figure
5d) to January (Figure 5p). Meanwhile, the peak month
in extreme SRH03 over the south-central and southeastern
U.S. shifts slight later to February or March (Figure 5q)
from January in CTRL (Figure 5e). Finally, extreme CIN
peaks 1 month earlier over the southeastern U.S, shifting
from August in CTRL (Figure 5f) to July in noGOM (Fig-
ure 5r).
3) PHASE SHIFT OF DIURNAL CYCLE
Removing elevated terrain has a weak effect on the tim-
ing of diurnal peak CAPES06 and EHI03, with peak hour
at 0000 UTC over the Great Plains and 2100 UTC else-
where (Figure 6a–b,g–h). Similar behavior is also found
in extreme CAPE (Figure 6c,i). However, the peak hour
of extreme S06 shifts markedly over the Great Plains,
from around 0300 UTC in CTRL (Figure 6d) to around
1200 UTC in noTOPO (Figure 6j). Extreme SRH03 shifts
slightly later, to 0900 UTC over the southern Great Plains
(Figure 6k) from that at 0600 UTC in CTRL (Figure 6e).
Finally, the diurnal extreme CIN peaks earlier at around
0300 UTC over the eastern and southeastern U.S., while
remaining in the early morning (0900–1200 UTC) else-
where (Figure 6f,l).
Replacing the Gulf of Mexico with land only weakly af-
fects the diurnal peak CAPES06, EHI03, and CAPE (Fig-
ure 6a–c, m–o), though the peak hour over the Gulf of
Mexico shifts to 2100–0000 UTC from 0300–0900 UTC
in CTRL, consistent with the diurnal peak over the sur-
rounding land to the north and west. The peak hour of
extreme S06 shifts over the Mid-Atlantic from around
1200 UTC in CTRL (Figure 6d) to around 0300 UTC in
noGOM (Figure 6p). In contrast, extreme SRH03 over
the southern U.S. peaks at 0900–1200 UTC (Figure 6q),
slightly later than that at 0600 UTC in CTRL (Figure 6e).
Finally, the peak hour of extreme CIN remains broadly
similar to CTRL, except the southeast coast where the di-
urnal peak hour shifts from around 0300 UTC in CTRL to
0600–0900 UTC in noGOM (Figure 6f,r)
c. SLS Environments: Influence of Constituent Parameters
To further understand how responses of the combined
proxies (CAPES06 and EHI03) are affected by changes in
their constituent parameters (CAPE, S06, or SRH03), we
analyze changes in the joint distributions of (CAPE, S06)
(Figure 7) and (CAPE, SRH03) (Figure S1) within each
sub-region (R1–R6 defined in Figure 2a), with a special
emphasis added to the top 1% of cases of CAPES06 and
EHI03, respectively. This approach conditions our anal-
ysis on extreme values of the SLS environmental proxy
(whereas extreme values of an individual parameter may
not be associated with a SLS environment), and it allows
us to evaluate the regionality of responses in the joint dis-
tributions. Quantitative responses in the center of mass of
the top 1% cases and the contributions from changes in the
associated median CAPE, S06, or SRH03 are examined by
applying Eqs. (6) and (7) at each grid point (Figures 8).
In noTOPO, extreme CAPES06 and EHI03 was found
to decrease strongly and relatively uniformly in space.
The joint PDF of (CAPE, S06) associated with extreme
CAPES06 shifts toward lower values of both CAPE and
S06 in most regions (Figure 7g–l) as compared to CTRL
(Figure 7a–f), especially over the Great Plains (R1–R3;
Figure 7g–i). The relative contributions to decreases in ex-
treme CAPES06 due to changes in CAPE and S06 varies
across regions (Figure 8a–d). Specifically, over the north-
ern Great Plains and the Upper Midwest, the decrease
(∼−40%) is driven more by a decrease in CAPE (−20%–
−40%) than S06 (∼ −20%). Over the southern Great
Plains, the decrease (−20%–−40%) is driven primarily
by decreases in S06 (−20%–−40%). Meanwhile, the de-
crease over the eastern third of the U.S. (∼ −20%) is
driven primarily by decreases in CAPE (∼ −20%). Fi-
nally, over the southeastern U.S., there is a negligible de-
crease due to the offset between sim− 10% decreases in
CAPE and ∼ +10% increases in S06. Decreases in ex-
treme EHI03 are broadly similar to decreases in extreme
CAPES06 (Figures S1g–l), while this is principally con-
tributed by decreases in SRH03 rather than CAPE over
much of the eastern half of the U.S. (Figure 7i–l). Hence,
while the combined proxies appear to decrease relatively
uniformly over eastern North America, the underlying rea-
sons for their decrease actually vary regionally.
In noGOM, extreme CAPES06 and EHI03 change more
subtly and non-uniformly in space. The joint PDF of
(CAPE, S06) associated with extreme CAPES06 shifts to-
ward lower CAPES06 over the Great Plains (R1–R4; Fig-
ure 7m–p). Over the northern Great Plains, the decrease of
extreme CAPES06 is driven predominantly by a decrease
in CAPE (−10%–−20%), whereas over Texas, each com-
ponent contributes approximately equally (∼−20% each)
(Figure 8e–h). In contrast, over much of the eastern third
of the U.S., the joint PDF shifts toward larger CAPES06
(R5 and R6; Figure 7q,r), with an increase (∼ +20%)
primarily driven by an increase in S06 (∼ +20%; Fig-
ure 8e–h). Similar patterns occur in the joint distributions
of (CAPE, SRH03) (Figures S1m–r), with the joint PDFs
shift toward lower EHI03 over the Great Plains, driven
by a decrease in CAPE (Figure 8m–p), and toward larger
EHI03 over the eastern third of the U.S., driven primarily
by increases in SRH03 (Figure 8m–p).
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d. SLS-Relevant Synoptic-Scale Features
1) SOUTHERLY GREAT PLAINS LOW-LEVEL JET
(GPLLJ)
Removing elevated terrain (noTOPO) substantially re-
duces southerly GPLLJs throughout the year (Figure 9f–j)
as compared to CTRL (Figure 9a–e), especially in spring
and summer when the largest reduction of frequency per-
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centage is roughly -30% over the southern Great Plains
(Figure 9h, i), qualitatively similar to past work (Pan et al.
2004; Ting and Wang 2006). Southerly GPLLJs are not
entirely eliminated by removing elevated terrain, though,
as a local frequency maximum is still retained in spring
and summer though shifted southward to near the coast
over northeastern Mexico (Figure 9h, i). These results
suggest that the presence of elevated terrain to the west
explains the occurrence of southerly GPLLJs, but not the
southerly low-level jets (LLJs) along the east coast of
Mexico and into Texas that may be driven by land-ocean
thermal contrast (Parish 2000). The reduced occurrence
of southerly GPLLJs indicates weakened mean low-level
meridional winds, which thus contributes to the weaken-
ing of S06 and SRH03 over the Great Plains. Moreover, it
may correspond to reduced northward moisture transport
into the continental interior, which may partially explain
the broadly reduction of CAPE in noTOPO.
Replacing the Gulf of Mexico with land (noGOM) has
little influence on the frequency and location of southerly
LLJs over the Great Plains (Figure 9k–o), as they are
quantitatively similar to CTRL (Figure 9a–e). Yet the
presence of the new land (i.e., the Gulf of Mexico) still
acts to reduce the local moisture supply at low levels
over the Gulf of Mexico, and thus may potentially re-
duce northward moisture transport into the Great Plains.
This may contribute to the reduction of CAPE in noGOM
over the Great Plains found above. In addition, noGOM
produces an increase in southerly LLJs over the Gulf of
Mexico and the deep south, especially in spring and sum-
mer (+10−−+ 30%; Figure 9m,n), which are likely a
combination of topographic forced (mainly the Mexican
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Plateau) LLJs and coastal LLJs due to the enhanced land-
ocean thermal contrast between the new land and tropical
ocean. These increased occurrence of southerly LLJs in-
dicates enhanced mean low-level winds, which may ex-
plain the enhanced S06 and SRH03 associated with ex-
treme CAPES06 and EHI03 over much of the eastern third
of the U.S.; it is also consistent with the slight enhance-
ment of CAPE over the south-central U.S.
2) DRYLINE
Removing elevated terrain effectively eliminates dry-
lines, resulting in the mean frequency percentage less than
0.5% throughout the year (Figure 10f–j) as compared to 3–
7% over the Great Plains in spring and summer in CTRL
(Figure 10a–e). The substantial reduction of drylines im-
plies a weakening of horizontal near-surface moisture gra-
dients and moisture convergence over the Great Plains.
This outcome reflects both the enhanced surface moisture
to the west by the reduced elevation and the decreased
surface moisture over the Great Plains by the weakened
northward transport of moisture from the Gulf of Mexico.
Replacing the Gulf of Mexico with land reduces dry-
lines in winter (up to 2% in CTRL vs. less than 0.5% in
noGOM) and spring (up to 7% in CTRL vs. 1–2% in no-
GOM) when drylines are concentrated over the southern
Great Plains and northeastern Mexico (Figure 10b,c,l,m),
while it has little influence on drylines in summer over
central U.S. (Figure 10d,n). These results indicate that
the Gulf of Mexico serves an essential source of mois-
ture for the southern Great Plains in winter and spring that
favors dryline formations. In contrast, in summer other
sources of moisture (e.g., soil and vegetation) likely con-
tribute strongly to dryline formations, in line with findings
of Molina and Allen (2019).
3) ELEVATED MIXED LAYER (EML)
Removing elevated terrain strongly reduces EMLs over
the Great Plains throughout the year (Figure 11f–j), espe-
cially in spring and summer with the frequency decreases
to 1% (Figure 11h,i), as compared to up to 14% in CTRL
(Figure 11c,d). Though perhaps unsurprising, these re-
sults confirm that the elevated terrain to the west (mainly
the Rocky Mountains) are indeed essential to the genera-
tion of EMLs east of these mountains. Since the presence
of an EML and the associated capping inversion permit
the build-up of CAPE in an atmospheric column by in-
hibiting convective initiation (Carlson et al. 1983; Farrell
and Carlson 1989; Banacos and Ekster 2010; Ribeiro and
Bosart 2018), these reduction of EMLs align closely with
the reduction of CAPE as well as CIN in noTOPO.
Replacing the Gulf of Mexico with land produces
slightly more EMLs over the central U.S. (Figure 11k–
o), especially in spring (peak of 12% in noGOM vs. 8%
in CTRL; Figure 11c,m) and summer (peak of 16% in
noGOM v.s. 14% in CTRL; Figure 11d,n). Consider-
ing that the horizontal advection of elevated air masses
with steep lapse rates dominates formation and mainte-
nance of EMLs over North America (Banacos and Ekster
2010; Ribeiro and Bosart 2018), the increase in EMLs is
in part consistent with the enhanced extreme CIN, associ-
ated with an enhancement of the mean mid-level lapse rate
(detailed below in Section 3.e). Detailed budget analysis
of lapse rates is beyond the scope of this work but could
be an avenue for future work.
4) EXTRATROPICAL CYCLONE ACTIVITY
Removing elevated terrain reduces extratropical cy-
clone activity substantially throughout the year, especially
on the lee of the Rocky Mountains over the central U.S.
where the local maximum of cyclone track and 850-hPa
EKE is almost eliminated (Figure 12f–j). These results
indicate the key role of the Rocky Mountains in generat-
ing stationary waves and thus extratropical cyclone activ-
ity over North America, in line with past studies (Broc-
coli and Manabe 1992; Inatsu et al. 2002; Brayshaw et al.
2009). Given the east-northeastward storm path (Figure
12a–e)(Reitan 1974; Zishka and Smith 1980), decreases of
the cyclogenesis on the lee of the Rocky Mountains further
reduce cyclone activity over the Great Lakes and off the
northeastern U.S. coast (Figure 12f–j). Fewer extratrop-
ical cyclones in noTOPO likely contributes to the inland
reduction in CAPE due to the weakened low-level mois-
ture and heat convergence associated with the warm sec-
tors of extratropical cyclones (Hamill et al. 2005; Tochi-
moto and Niino 2015). Moreover, it acts to reduce S06
and SRH03 due to the decreased cyclonic circulation and
reduced baroclinicity (Doswell III and Bosart 2001). Yet
removing elevated terrain has less influence on cyclone ac-
tivity over higher latitudes in Canada, indicating a weaker
influence on the jet stream that remains relatively zonal.
Replacing the Gulf of Mexico with land has little influ-
ence on extratropical cyclone activity, as the cyclone track
frequency and 850-hPa EKE in noGOM are broadly simi-
lar to CTRL (Figure 12k–o) though with a slight increase
(cyclone tracks: +4 per season, EKE: +2 m2 s−2) over the
central Great Plains in summer.
e. Mean-State Atmosphere
To better understand the responses of SLS environments
in each experiment, we next analyze changes in the annual
and seasonal mean state temperature and moisture pro-
files (Figures 13,14) within each sub-region demarcated
in Figure 2a above. We further analyze the responses of
the low-level winds, temperature and moisture fields (925-
hPa; Figure 15) and upper-level flow (250-hPa; Figure 16).
Removing elevated terrain (noTOPO) substantially
cools and dries the troposphere over much of the eastern
half of the U.S. (R1–R6; Figure 13), especially in spring
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FIG. 9. (a–e) CTRL percentage frequency of southerly Great Plains low-level jets (contour lines + filled contours) for annually, winter (DJF),
spring (MAM), summer (JJA), and fall (SON) during 1980–2014. (f–j) as in (a–e) but for noTOPO percentage frequency (contour lines) and the
response (noTOPO percentages minus CTRL percentages; filled contours); (k–o) as in (f–j) but for noGOM.
and summer and with the strongest differences at low–mid
levels. This response is consistent with the strong reduc-
tion of extreme CAPE. Specifically, the central and north-
ern Great Plains (R1 and R2) experience the strongest
cooling in summer that peaks at around 800 hPa (∼ −8
K) and weakens moving upward, and thus reduces mid-
level lapse rates (Figure 13a,b); this is consistent with the
strong reduction of EMLs in spring and summer. Over
the southern Great Plains (R3; Figure 13c), such cooling
is strongest in spring (peak of ∼ −4 K at 800 hPa), con-
sistent with the location of peak of EML generation being
farther south in spring than in summer. This cooling re-
sponse weakens moving eastward (R4–R6; e.g., -2–0 K
in R6 over the southeastern U.S.) downstream of the local
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FIG. 10. As in Fig. 9, but for drylines.
maximum of EMLs (Figure 13d–f). Meanwhile, the dry-
ing response throughout the regions, especially over the
southern U.S. (R3, R4, and R6; Figure 13i,j,l), is consis-
tent with the strong reduction in GPLLJs (Figure 11f–j),
which are important contributors to total northward mois-
ture transport from the Gulf of Mexico. This response is
also evident in the noTOPO mean-state winds at 925 hpa,
which are strongly zonal with a meridional component that
is slightly northerly rather than southerly over the east-
ern half of the U.S. (Figure 15f–j), as compared to CTRL
(Figure 15a–e). The weakened low-level winds, which
are nearly zero over the central Great Plains in spring and
summer (Figure 15h,i), are consistent with the reductions
of S06 and SRH03 associated with extreme CAPES06 and
EHI03 in noTOPO. Similarly, the upper tropospheric flow
over North America is more zonal, with slightly weaker
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FIG. 11. As in Fig. 9, but for elevated mixed layers.
mean jet streams over the northern U.S. (Figure 16f–j)
than in CTRL (Figure 16a–e), consistent with the strong
reduction of extratropical cyclone activity, whereas the
mean zonal upper-level winds are slightly enhanced over
the farther northern North America in spring and summer
(Figure 16h,i), likely contributing to the increased extreme
S06 there.
Replacing the Gulf of Mexico with land (noGOM)
causes a mean-state response of warming and drying at
low levels that is strongest over the Gulf of Mexico region
itself and weakens in magnitude moving inland toward the
continental interior. We begin with the Gulf of Mexico
sub-region (GOM; Figure 14a,h). The lower-tropospheric
(below 600 hPa) temperatures substantially increase in
spring and summer (peak of ∼ +4 K at 925 hPa) and to
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FIG. 12. As in Fig. 9, but for (a–e) CTRL mean frequency of cyclone track (counts per 2.5◦×2.5◦ grid box; filled contours) and mean 2–6 day
Butterworth bandpass filtered eddy kinetic energy at 850 hPa (m2 s−2, contour lines), and responses in (f–j) noTOPO and (k–o) noGOM.
a lesser magnitude in winter and fall (+1–2 K; Figure
14a), consistent with the lower specific heat capacity of
the new land as compared to ocean water. Meanwhile, the
limited surface moisture supply from the new land leads
to the substantial reduction of low-level specific humidity
throughout the year (peak of∼−2 g kg−1 at 925 hPa; Fig-
ure 14h). These responses are consistent with surface en-
ergy budget over land, indicating a reduction of latent heat
fluxes and an enhancement of sensible heat fluxes over
the Gulf of Mexico in noGOM than in CTRL. Meanwhile,
there is an enhancement of specific humidity at mid levels
in spring and summer (peak of ∼ +2 g kg−1 at 800 hPa;
Figure 14h), possibly due to the strengthened low-level
jets enhancing moisture transport from the remote tropi-
cal ocean. Analysis of changes in the associated moisture
budget could provide quantitative understandings on it and
we leave for future work. These responses over the Gulf
of Mexico ultimately affect the eastern half of the U.S.
(R1–R6) via inland advection of this warmer and drier air
by large-scale flows. As a result, the responses of tem-
perature and specific humidity inland (Figure 14b–g and
i–n) are broadly similar to that over the Gulf of Mexico,
though with a magnitude that is largest over the south-
ern U.S. (R3, R4, R6), especially over the southern Great
Plains (R3: peak of +4 K and −2 g kg−1 at 925 hPa; Fig-
ure 14d,k), and weakens moving farther inland (R1, R2,
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FIG. 13. (a–f) Responses of the mean vertical profiles of temperature
in noTOPO (noTOPO minus CTRL) over each sub-region box from
R1–R6 (defined in Fig. 2a) annually and seasonally during 1980–2014.
(g–l) as in (a–f) but for specific humidity. Dots denote pressure levels
of 925, 900, 850, 800, 750, 700, 600, 500, 400, 300, and 250 hPa.
R5). While the enhanced mid-level lapse rate (800–500
hPa in summer over the central Great Plains; Figure 14c)
may actually contribute to the modest increase in the fre-
quency of EMLs over the Great Plains noted above, which
could translate to higher CAPE in isolation, the decrease
in CAPE in this region indicates that the low-level dry-
ing response is the dominant contributor; this is further
supported by the reduction of low-level moist static en-
ergy over the Great Plains (Figure S2b–d). In addition, the
inland flow remains strong in spring and summer when
persistent low-level southerly winds are present (Figure
15m,n). These southerly winds are slightly enhanced over
R1
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FIG. 14. As in Fig. 13, but for responses in noGOM (noGOM mi-
nus CTRL) averaged over each sub-region box from GOM and R1–R6
(defined in Fig. 2a).
the deep south, consistent with the increased frequency
of LLJs noted above. This flow response is also consis-
tent with the enhanced S06 and SRH03 associated with
extreme CAPES06 and EHI03 over much of the eastern
third of the U.S. The upper tropospheric flow in noGOM
is broadly similar to CTRL (Figure 16k–o), indicating that
the mean-state response to filling in the Gulf of Mexico is
confined primarily to the lower half of the troposphere.
J O U R N A L O F C L I M A T E 21
A
nn
ua
l
W
in
te
r
Sp
rin
g
Su
m
m
er
Fa
ll
CTRL
(a)
(b)
(c)
(d)
(e)
noGOMnoTOPO
(f )
(g)
(h)
(i)
(j)
(k)
(l)
(m)
(n)
(o)
12 1410 16[g kg¯1]
FIG. 15. (a–e) CTRL mean air temperature (◦C; contour lines), wind vector (m s−1), and specific humidity (filled contours) at 925 hPa. (f–j) as in
(a–e) but for noTOPO. (k–o) as in (a–e) but for noGOM.
f. Synoptic Composites for Extreme Cases
Finally, to examine the response of characteristic synop-
tic patterns for SLS environments to each geographic fea-
ture, we analyze synoptic composites associated with ex-
treme SLS environments across our sub-regions (i.e., R1–
R6 defined in Figure 2a); sample size for each is provided
in Table 2. These cases all occur in spring and summer;
most of them are in May–July. We show both the compos-
ite synoptic patterns and the composite synoptic anomalies
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FIG. 16. As in Fig. 15 but for mean geopotential height (m, contour lines), wind vector (m s−1), and wind speed (filled contours) at 250 hPa.
with respect to their monthly mean. The pure composite is
most useful for comparing experiments in which the mean
state circulation is altered strongly, such as between no-
TOPO and CTRL. Meanwhile, the composite anomaly is
most useful when the mean states are similar, such as be-
tween noGOM and CTRL, to better isolate the anomalous
response. We focus here on the northern Great Plains (R1)
and the southeastern U.S. (R6; Figures 17 and 18) as repre-
sentative inland vs. coastal regions, respectively. Results
for R2–R4 (i.e., the Great Plains) are broadly similar to
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FIG. 18. As in Fig. 17 but for composite patterns of synoptic anomalies. Composite synoptic anomalies for sub-region R2–R5 are shown in
supplementary Fig. S4.
R1, while results for the southern Midwest (R5) is similar
to R6; they are provided in Supplementary Figures S3 and
S4.
Removing elevated terrain (noTOPO) produces a com-
posite synoptic pattern relative to the location of the given
sub-region that is broadly similar across sub-regions. They
are also similar to flow patterns in CTRL over the Great
Plains but not for the southeastern U.S. With topogra-
phy removed, region R1 is located downstream of a deep
trough at 250 hPa and 700 hPa (Figure 17d,e), which is
associated with divergence aloft (Holton 1973). This con-
figuration favors ascent and the formation of surface low
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pressure, with the region located downstream of a surface
trough (Figure 17f). This flow setup combining the upper–
mid-level trough and the surface low in noTOPO (Figure
17d–f) is similar to CTRL (Figure 17a–c) but the 700-
hPa warm advection from the upstream elevated terrain
is much weaker in noTOPO, as is the composite surface
cyclone. Meanwhile, with topography removed, region
R6 is also located downstream of a deep trough at 250
and 700 hPa with the region close to the trough axis (Fig-
ure 17m,n), which differs markedly from the ridge pattern
found in CTRL (Figure 17j,k). Note that the composite
anomalies of the upper–mid-level trough and the upper-
level jet streams in noTOPO are generally stronger than
the composite anomalies in CTRL (Figure 18d–f vs. a–c;
m–o vs. j–l), indicative of the more zonal mean-state jet
stream in noTOPO as discussed above. Moreover, remov-
ing elevated terrain strongly reduces variations in these
synoptic patterns across sub-regions, as the noTOPO syn-
optic anomalies between the Great Plains (e.g., R1; Figure
18d–f) and the southeastern U.S. (e.g., R6; Figure 18m–o)
are broadly similar, whereas CTRL produces substantial
differences between them (Figure 18a–c vs. j–l; also dis-
cussed in detail by L20). This indicates that without the
elevated terrain, SLS environments are controlled primar-
ily by the same characteristic synoptic patterns regardless
of region, while the presence of elevated terrain produces
synoptic patterns that differ moving downstream from the
terrain.
Replacing the Gulf of Mexico with land (noGOM)
causes minimal change in the composite synoptic patterns
as compared to CTRL in both regions R1 (Figures 18g–i)
and R6 (Figures 18p–r). The surface moisture and flow
fields do not change significantly, suggesting that surface
moisture convergence also remains relatively constant.
This indicates that local moisture sources (e.g., soil and
vegetation) or far-field sources from the tropical oceans
are more important for the formation of extreme SLS envi-
ronments over eastern North America, in line with Molina
and Allen (2019). Comparing the moisture transport in
CTRL and noGOM via trajectory models could be a valu-
able path for future work to explicitly assess the role of
the Gulf of Mexico in affecting the continental moisture
budget.
4. Conclusions
North America, especially the eastern half of the U.S.,
is one of the hot spots for severe local storm (SLS) ac-
tivity. The prevailing conceptual model for this behav-
ior, proposed by Carlson et al. (1983), posits that the el-
evated terrain to the west (mainly the Rocky Mountains
and the Mexican Plateau) and the Gulf of Mexico to the
south together play a key role in producing environments
conducive to SLS activity (i.e., SLS environments). This
conceptual model has to date not been explicitly tested in a
global climate model. This work performs such tests using
the CAM6 model. We conducted two experiments for the
historical period 1980–2014, one with the North Ameri-
can topography removed (noTOPO) and another with the
Gulf of Mexico converted to land (noGOM), and com-
pared experimental results to a CAM6 AMIP-style control
run (CTRL) from Li et al. (2020). We focused our analy-
sis on responses of SLS environments, defined by extreme
values of two common environmental proxies for SLS
favorability (CAPES06: the product of CAPE and S06;
EHI03: a dimensionless quantity proportional to the prod-
uct of CAPE and SRH03), and quantitatively attributed
changes in these proxies to changes in their constituent pa-
rameters (CAPE, S06, and SRH03). We next analyzed re-
sponses of a set of key synoptic-scale features commonly
associated with the generation of SLS environments, in-
cluding southerly Great Plains low-level jets (GPLLJs),
drylines, elevated mixed layers (EMLs), and extratropi-
cal cyclone activity. We next analyzed differences in the
mean-state atmosphere in each experiment as compared
to CTRL to provide broader context for these responses.
Finally, we compared the composite synoptic patterns for
six sub-regions over the eastern half of the U.S. to evaluate
responses of the characteristic synoptic patterns associated
with extreme SLS environments in each experiment.
We summarize our primary results as follows:
1. The existence of SLS environments over North
America does indeed depends strongly on upstream
elevated terrain.
(a) Removing elevated terrain (noTOPO) substan-
tially reduces extreme CAPES06 and EHI03
over North America, though it does not en-
tirely eliminate them. Relatively high values of
CAPES06 may still occur near the Gulf coast
but decay moving inland. The reduction in ex-
treme CAPES06 is due principally to the reduc-
tion of CAPE, with the exception of the south-
ern Great Plains where the reduction is driven
strongly by decreased S06. The reduction in ex-
treme EHI03 is due principally to the larger de-
crease in SRH03 than CAPE. These decreases
occur largely during their peak time during the
day and year and thus reduces the amplitude of
their seasonal and diurnal cycles. Moreover, re-
moving elevated terrain suppresses the inland
progression of the seasonal cycle of these en-
vironments and leads to relatively uniform sea-
sonal phase that peaks in June over the southern
U.S., which is 1–2 months later over the south-
ern Great Plains while 1–2 months earlier over
the southeastern U.S. than in reality; the diurnal
phase remains relatively constant.
(b) This response is accompanied by a strong re-
duction in the occurrence of key synoptic-scale
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features, including southerly GPLLJs, drylines,
EMLs, and extratropical cyclone activity. The
reduced EMLs indicate the weakened down-
stream advection of warm well-mixed layers
with steep lapse rates from the elevated ter-
rain, consistent with the reduction in mean tem-
peratures of troposphere that is the strongest
at lower levels (∼ 800-hPa) and weakens in
magnitude moving upward, especially over the
Great Plains. The reduced sourtherly GPLLJs
and extratropical cyclones are consistent with
reduced inland low-level moisture transport
from the Gulf of Mexico which dries the lower
troposphere, as well as a more zonal tropo-
spheric flow field. Thus, taken together, the
cooler and drier atmosphere with smaller S06
and SRH03 is less favorable to the formation of
SLS environments.
(c) The characteristic synoptic patterns that gener-
ate these SLS environments are broadly similar
to CTRL, but with the surface low much weaker
than the composite cyclone in CTRL, as well
as strongly reduced mid-level warm advection
over the Great Plains. Characteristic synop-
tic patterns associated with SLS events become
quite uniform spatially across both the Great
Plains and the southeastern U.S.
2. The existence of SLS environments over North
America does not appear to depend strongly on the
Gulf of Mexico.
(a) Replacing the Gulf of Mexico with land (no-
GOM) reduces extreme CAPES06 and EHI03
over the Great Plains, especially the southern
Great Plains, primarily due to the reduction of
CAPE, while it increases extreme CAPES06
and EHI03 over the eastern third of the U.S.
due to increases in S06 and SRH03, respec-
tively. As a result, the local maximum in each
shifts slightly southeastward from the northern
and central Great Plains to the southern Mid-
west. The amplitude of the seasonal and diurnal
cycles of these environments are not strongly
influenced, though the inland progression of
the seasonal cycle over the Great Plains now
extends farther east into the southeastern U.S.
with the seasonal peak there shifted 1–2 months
earlier to May.
(b) The spatial distribution of key synoptic-scale
features responds modestly to filling the Gulf
of Mexico: southerly GPLLJs increase over the
deep south in spring and summer, EMLs and
extratropical cyclone activity are slightly en-
hanced over the central Great Plains in spring
and summer, drylines are reduced over the
southern Great Plains in spring. Moreover, the
presence of the new land allows for inland ad-
vection of warm and dry air from the Gulf of
Mexico region by southerly GPLLJs or extrat-
ropical cyclones, and thus warms and dries the
lower troposphere mean state; this effect de-
creases in magnitude moving inland. The dry-
ing effect is likely responsible for the modest
reduction of CAPE over the Great Plains, as
well as the reduction of spring drylines, indi-
cating that the Gulf of Mexico does serve as
a moisture source for SLS environments over
the Great Plains in spring. The enhancement
of low-level jets over the deep south is con-
sistent with the stronger low-level mean merid-
ional winds, and thus may in part contribute to
the enhanced S06 and SRH03 over much of the
eastern third of the U.S.
(c) The characteristic synoptic patterns that gener-
ate extreme SLS environments do not change
significantly.
3. Overall, our results indicate that the presence of el-
evated terrain over North America plays a critical
role in producing downstream SLS environments as
found over present-day North America, whereas the
Gulf of Mexico plays at most a secondary role. Ad-
ditionally, the removal of elevated terrain still leaves
a residual peak of SLS environments near the Gulf
coast that decays inland and hence appears strongly
driven by land-ocean contrast.
Additionally, we analyzed the responses of extreme
values of convective inhibition (CIN), which permits the
build up of CAPE in the first place. Overall, removing el-
evated terrain substantially reduces extreme CIN over the
Great Plains broadly consistent with the reduction of ex-
treme CAPE, whereas filling the Gulf of Mexico with land
increases extreme CIN over much of the eastern third of
the U.S., including over the southeast along the Gulf coast
where extreme CAPE remained relatively constant. Future
deeper analyses of relation between CIN response and re-
sponses of other SLS environmental proxies could be a
valuable path to provide understanding on the geographic
control of actual SLS activity.
We also conducted an additional experiment with both
topography over North America set to zero and the Gulf of
Mexico converted to land. Responses in this experiment
are broadly similar to responses in noTOPO, but with an
even stronger reduction over the southern Great Plains (not
shown). These results further indicate the domain-wide in-
fluence of the upstream topography whereas largely a re-
gional influence limited to the southern U.S. of the Gulf
of Mexico on the production of SLS environments. No-
tably, the removal of these geographic components does
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not fully eliminate SLS environments inland, especially
over the eastern U.S. Thus, other surface properties, such
as land-ocean contrast, land type, land shape, and soil wet-
ness, clearly play an important though unknown role in
generating these environments. Meanwhile, considering
that SLS environments over the eastern U.S. are high bi-
ased in CAM6 model associated with its systematic biases
of low-level temperature and moisture (Li et al. 2020),
these biases may still induce overestimation of the abso-
lute values of these environments in each experiment, es-
pecially over the eastern U.S., though may not strongly
affect responses in each experiment relative to the CTRL.
The presence of the Gulf of Mexico shifts the local max-
imum of SLS environments westward closer to the ele-
vated terrain, and acts as the essential moisture source for
producing these environments in spring, especially over
the southern Great Plains. Thus, changes over the Gulf
of Mexico (e.g., SST) may alter the spatial distribution of
SLS environments; further investigation may provide in-
sight into understanding the eastward shift of these envi-
ronments observed in recent decades (Gensini and Brooks
2018; Tang et al. 2019). In this work, we removed any
elevated terrain over all of North America in noTOPO ex-
periment, though specific topographic features, such as the
Appalachian Mountains, may induce more localized re-
sponses; this could be a valuable avenue for future work.
In addition to the types of experiments using realistic
global climate models, idealized models with simplified
settings would provide a more robust testing ground for
understanding how surface properties control the forma-
tion of SLS environments on Earth.
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APPENDIX
Decomposing changes in combined proxies
We provide the derivation leading to Eq. (7) for quanti-
fying the effects of changes in CAPE and S06 on changes
in CAPES06 for each experiment as compared to CTRL.
We denote CAPES06CT RL as CAPES06 in CTRL, and
CAPECT RL and S06CT RL as the CAPE and S06 associated
with CAPES06CT RL, and thus, based on Eq. (1),
CAPES06CT RL =CAPECT RL ·S06CT RL, (A1)
We denote the difference between CTRL and each
experiment (i.e., noTOPO or noGOM minus CTRL) as
∆CAPES06, ∆CAPE, and ∆S06, and thus, based on Eq.
(1),
CAPES06CT RL +∆CAPES06 =
(CAPECT RL +∆CAPE) · (S06CT RL +∆S06)
(A2)
Thus, (A2)−(A1) gives
∆CAPES06 =CAPECT RL ·∆S06+∆CAPE ·S06CT RL
+∆CAPE ·∆S06
(A3)
Dividing (A3) through by CAPES06CT RL (i.e.,
CAPECT RL ·S06CT RL based on (A1)) yields Eq. (7):
∆CAPES06
CAPES06CT RL
=
∆CAPE
CAPECT RL
+
∆S06
S06CT RL
+
∆CAPE
CAPECT RL
· ∆S06
S06CT RL
(A4)
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